Abstract-A new compact broadband circular fractal antenna is presented to simultaneously cover the operations in S-, C-, X-, and Ku-bands. Fractal geometry of the radiator including an iterative circular patch with a square slot, a modified feed-line with step technique, and slot-loaded semi-circular ground plane is used to achieve a broad impedance bandwidth more than 151% from 3 to 21.5 GHz (|S 11 | < −10 dB). The simulation results are verified by experimental measurements. Measured data are in good agreement with the simulated results. The frequency-and time-domain characteristics of the antenna including impedance matching, far-field patterns, gain, group delay, and fidelity factor are presented and discussed. The proposed broadband antenna features small size of 38 × 36 × 1.4 mm 3 and nearly omnidirectional radiation patterns that make it excellent candidate for integration in broadband wireless communication systems.
INTRODUCTION
Nowadays, broadband wireless communication technology has received widespread concentration due to its great capacity, high data rates, low operating power level, and low complexity. The modern wideband wireless communication systems need miniaturized and wideband antennas with high radiation efficiency. These mechanical and electromagnetic specifications have required the development of novel antenna structures.
Printed fractal antennas have attracted much attention in wireless communication because of their low profile, small cost, and ease of manufacture [1] . These antennas have shown the possibility to miniaturize antenna systems and improve input impedance matching. Also, a fractal antenna can be designed to operate over a wide range of frequencies using the self-similarity properties associated with fractal geometry structures. Planar fractal antennas can be used in variety of wideband applications, especially where space is limited. The geometry of fractal antenna was defined by Mandelbort in 1975 [2] . A fractal is a self-similar geometric shape of the whole structure which can be subdivided into parts; each of the parts is a reduced size copy of the whole geometry of the antenna [3] . Fractal geometry has some advantages over simple planar radiator such as: at arbitrarily minute scale it has an excellent structure, and it can be easily described in traditional Euclidean geometry and has simple and recursive structure. Also, fractal geometry improves input resistance and enhances electrical area of antenna [4] . Thus, to miniaturize the antenna size with high radiation efficiency, fractal antennas are most suitable [5] .
In the past few years, to satisfy the wideband communication systems requirements, several researches on fractal antennas have been reported [6] [7] [8] [9] [10] . In [6] , a fractal monopole antenna with a volume of 24×24×1 mm 3 can cover a bandwidth of 2.1-11.52 GHz. In [7] , a co-planar waveguide (CPW)-fed octagonal Sierpinski fractal antenna can cover a bandwidth of 3.73-20 GHz. A multiband Koch-like sided fractal bow-tie dipole antenna was reported in [8] . The fractal printed bow-tie antenna in [9] can cover a bandwidth from 1.64 to 1.94 GHz. In [10] , an antenna with notch-band characteristics which uses Koch fractal for ultra-wideband (UWB) applications was proposed. Different fractal antennas for wideband application were reported in [11] [12] [13] . In [11] , a circular-hexagonal fractal antenna was investigated for many wireless communications systems such as ISM, Wi-Fi, GPS, Bluetooth, WLAN, and UWB. It was made of iterations of a hexagonal slot inside a circular metallic patch with a transmission line. A partial ground plane and asymmetrical patch toward the substrate were used for designing the antenna to achieve a wide bandwidth. In [12] , a hexagon-shaped fractal antenna with a triangular slot and a total size of 20× 33.4× 1.57 mm 3 for wideband application was presented. In [13] , a printed star-triangular fractal microstrip-fed monopole antenna with semielliptical ground plane was presented for wideband applications. A miniaturized UWB antenna based on Sierpinski square slots was reported in [14] . It had a compact dimension of only 28 × 28 mm 2 and a fractional bandwidth about 127.3% (3.41-15.37 GHz). A printed Koch snowflake antenna with an operating frequency range of 3.4-16.4 GHz for UWB radio frequency identification applications was presented in [15] . Also some fractal antennas were designed for multiband operation [16] [17] [18] [19] .
The objective of this paper is to design a miniaturized broadband antenna with a simple structure and satisfactory radiation characteristics, using fractal elements. Another important issue is to keep the antenna inexpensive and easy to manufacture. To accomplish these goals, a circular fractal antenna with 6 iterations is proposed. To achieve broadband impedance bandwidth with suitable radiation pattern, we use a new fractal circular radiator fed by a stepped microstrip feed-line along with a square shaped slot in semi-circular ground plane. In order to match the antenna to the 50 Ω SMA connector, a multi-section microstrip line of different widths is designed. The novelty of the proposed design lies in its simple fractal structure, compact size, and broadband operation along with high radiation efficiency. The simulation results obtained from HFSS simulator package are verified by experimental measurements. The proposed printed fractal antenna with a compact size of 38 × 36 × 1.4 mm 3 can cover S-, C-, X-, and Ku-bands from 3 to 21.5 GHz (151% impedance bandwidth defined by −10-dB reflection coefficient). Measured results show that the designed antenna features desirable frequencydomain characteristics such as nearly omnidirectional radiation patterns, high radiation efficiency, and reasonable gain. Furthermore, to analyze the proposed antenna in time domain, group delay and fidelity factor are investigated. The antenna has advantages of compact size, low manufacturing cost, easy fabrication, low profile, wide operating bandwidth, and small ground plane suitable for integration with compact broadband communication systems. 
FRACTAL ANTENNA DESIGN AND DEVELOPMENT STAGES
The geometry of the proposed super-wideband (SWB) antenna is shown in Figure 1 . It is etched on a 1.4 mm thick FR-4 epoxy (ε r = 4.4, tan δ = 0.02) substrate. The copper cladding's thickness and the total size of the antenna are 35 µm and 36 × 34 × 1.4 mm 3 , respectively. The antenna consists of a semi-circular ground plane and fractal circular radiator that is fed by a stepped microstrip feedline. The microstrip feed-line is stepped to achieve smooth transmission between the models and wider bandwidth. Also, to obtain better impedance matching, the conventional rectangular ground plane is replaced by semi-circular ground plane. It is further loaded with a rectangular slot at the feeding location to improve the impedance bandwidth. The radiator is made of a 6-iteration fractal structure. Each iteration of the fractal structure is composed of a circle from which an inscribed square has been subtracted. The relationship between each iteration fractal structure and previous iterations according the parameters in Figure 1 is as follows:
In Figures 1, a, b, c, d , e, and f are radii of the iterative circular patches. The development stages of the proposed antenna are illustrated in Figure 2 , and the corresponding simulated reflection coefficient curves are plotted in Figure 3 . The first antenna consists of a common microstrip feed-line with 50 Ω impedance, rectangular ground plane, and radiator with 2 iterations fractal. In the second antenna, two fractal iterations are added to radiator of the first antenna, and also in the 3rd antenna, two fractal iterations are added to previous antenna. At the 4th antenna, rectangular ground plane is replaced by semicircular ground plane. At the next step, a rectangular slot with a dimension of 4 × 3.6 mm 2 is applied to the ground plane. Finally, at the 6th step, we apply step technique to the feed-line. This technique increases bandwidth, both at the beginning and end of the frequency band. Antenna 6 is the final proposed antenna. The geometrical parameters of the proposed antenna are as follows: W s = 36 mm, Ls = 38 mm, W f = 2.7 mm, y1 = 8.5 mm, y2 = 4 mm, y3 = 6.5 mm, x1 = 0.25 mm, x2 = 0.1 mm, W = 4 mm, L = 3.6 mm, and lg = 18 mm. Numerical parametric analysis via Ansoft HFSS was performed to understand the influence of the antenna physical dimensions on the impedance bandwidth. The reflection coefficient curves for three important parameters are shown in Figure 4 . This figure shows selecting the optimal values of lg = 18 mm, W = 4 mm, and L = 3.6 mm leads to the widest bandwidth. As depicted in Figure 4(a) , by increasing lg from 16 to 18 mm, the upper frequency of the bandwidth is shifted from 20 to 22.2 GHz. However, by further increasing lg to 20 mm, the higher band edge frequency of the bandwidth is shifted down from 22.2 to 19 GHz, and consequently the impedance bandwidth of the antenna decreases. It is seen in Figure 4 (b) that by increasing rectangular slot length L to 3.6 mm, the upper frequency of the bandwidth increases from 18 to 22.2 GHz, resulting in the improvement of the impedance bandwidth over higher frequencies. This figure shows that for larger values of L, the antenna reflection coefficient deteriorates. The influence of variation of rectangular slot width W is presented in Figure 4 (c). Results of this figure show that the optimum value of W for maximum impedance bandwidth is 4 mm.
EXPERIMENTAL VERIFICATION AND DISCUSSION
In order to validate the numerical results obtained by Ansoft HFSS, the designed fractal antenna was constructed and tested. Figure 5 shows photographs of the fabricated prototype. In the following, the experimental outcomes are given, discussed, and compared with the numerical results. Figure 6 presents the comparison of experimental and numerical reflection coefficient curves of the proposed antenna. Measured and simulated results show that the proposed fractal antenna can cover a SWB frequency range, from 3 to 21.5 GHz (151% impedance bandwidth). The discrepancies between the experimental result and numerical data are due to measurement errors and test equipment. However, to determine the overall bandwidth of the antenna, other radiation characteristics such as radiation patterns and gain must also be carefully examined over the entire frequency band. The co-and crosspolar far-field radiation patterns of the antenna were measured at different frequencies. For brevity, Figure 6 . Numerical and experimental reflection coefficient curves of the antenna.
Frequency-Domain Results
the numerical and experimental H (x-z) and E (y-z) plane patterns at only 3, 8, 13, 17, and 21 GHz are compared in Figure 7 . A good concordance between the numerical and experimental outcomes is observed. As illustrated in this figure, the antenna features nearly omnidirectional patterns specifically in the x-z plane. The increase in cross-polarization level is due to the excitation of hybrid current distribution on the antenna radiator at high frequencies. Figure 8 plots the simulated and measured gain curves of the proposed antenna versus frequency. The measured gain has an average value of 2.88 dB, and the maximum value of the measured antenna gain is 5 dB which occurs at 15 GHz. It should be noted that the antenna gain is moderate over the working band respecting the compact size and omnidirectional behavior of the antenna. In order to measure the gain of the fabricated antenna, the gain-transfer (gain-comparison) method was used [20] . The procedure requires two sets of measurements. In one set, using the test antenna as the receiving antenna, and the received power (PT) into a matched load was recorded. In the other set, the test antenna was replaced by the standard gain antenna, and the received power (PS) into a matched load was recorded. In both sets, the geometrical arrangement was maintained intact (other than replacing the receiving antennas), and the input power was maintained the same. The gain of the antenna under test can be found by the following equation: (GT ) dB = (GS) dB + 10 log(P T/P S) ( 2 ) where (GT ) dB and (GS) dB are the gains (in dB) of the test and standard gain antennas [20] .
Time-Domain Results
In order to analyze the time-domain performance of the designed SWB fractal antenna, group delay and fidelity factor parameters are investigated. To provide desirable time-domain behavior, constant group delay is required over the entire working band. Figure 9 presents the measured and simulated group delay curves of the proposed fractal antenna for face-to-face case. To investigate the group delay, the distance between the receiving and transmitting antennas was selected as 500 mm. As shown in Figure 9 , the peak-to-peak variation of the measured group delay is limited to less than 2 ns over the whole working band. The results indicate that the proposed antenna has an acceptable time domain response. Although they were not shown, similar results for side-by-side configuration were obtained. The fidelity factor is generally preferred as a time domain performance parameter. In the last step of this work, fidelity factor is calculated by using CST Microwave Studio. By utilizing the approach presented in [21] , the input pulse is delivered to the antenna, and the electric component in the far-field region is received via four virtual probes. The distance between the transmitting antenna and probes maintains at 500 mm. The fidelity factor is calculated in both E-and H-planes. In each plane, four probes are located with the angle equal to 0 • , 30 • , 60 • , and 90 • , respectively. The calculated fidelity factor for both planes is presented in Table 1 . As can be observed, the fidelity factor in both planes is more than 0.79, making the antenna suitable for most practical SWB applications. The experimental results in frequency as well as time domain indicate that the antenna is an excellent option for SWB wireless communication applications.
Temperature humidity test chamber is able to simulate a wide range of temperature and humidity environments. It was used in testing fabricated antenna for its tolerances of heat, cold, dry, and humidity. It is found that operating temperatures range from −40 • C to +550 • C, and humidity range is from 20% to 90% RH. These results show that the antenna can perform in environments with a wide range of operating temperatures and humidity. 
CONCLUSION
This paper presents a compact SWB antenna with fractal structure for wireless communication systems. It can cover frequency range from 3 to 21.5 GHz. The antenna consists of a printed fractal radiator and a semi-circular ground plane with a rectangular slot. The fractal patch is fed by a stepped microstrip feedline. Using fractal structure in patch causes miniaturized dimension of antenna and wider bandwidth, and does not need complicated impedance transformer sections. The antenna with an overall size of 38 × 36 × 1.4 mm 3 is a good option for use in broadband applications. The frequency and time-domain characteristics of the antenna were analyzed with numerical simulation and experimental measurement.
